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documented in the short term in multiple longitudinal studies (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Collectively, these studies document that a decline in bone density up to 10% is common in the initial 1 to 2 years after RYGB. RYGB also leads to short-term declines in volumetric bone density of the axial and peripheral skeleton (18, 23) and weakening of peripheral bone microarchitecture (18) (19) (20) 23) . However, the long-term skeletal consequences of RYGB have not been well characterized beyond these initial postsurgical years. In particular, no studies have looked at changes in volumetric bone density or skeletal microarchitecture beyond 2 years. Furthermore, the mechanisms of bone loss after RYGB remain unclear but may involve a combination of mechanical unloading of the skeleton, calcium and vitamin D malabsorption, and changes in metabolic hormones that may affect the entero-osseous axis (24, 25) .
We previously reported substantial bone loss by dualenergy X-ray absorptiometry (DXA) and a deterioration in both cortical and trabecular microarchitecture 2 years after RYGB (22) . To determine whether these skeletal changes progress, we assessed bone density and bone microarchitecture up to 5 years after RYGB. In addition, we assessed whether changes in weight, body composition, and calciotropic or entero-osseous hormones are associated with bone loss after RYGB.
Methods

Study subjects
We prospectively evaluated longitudinal data in adults with severe obesity (n = 21) in the 5 years after RYGB. We initially recruited 30 men and women with obesity ($18 years old) who were planning RYGB with no history of medical disorders or use of medications known to affect bone metabolism (22) . Subjects who weighed .204 kg were excluded due to weight limitations of the DXA and CT scanners. Nine subjects did not complete visits through 5 years: three developed medical conditions that could alter bone metabolism, three moved from the study area, and three chose not to continue participating or were lost to follow-up. These nine subjects had a younger baseline age (mean 6 SD: 38 6 12 years) and were more likely to be nonwhite (56%), but preoperative weight, BMI, serum 25-hydroxyvitamin D, and PTH were similar to the 21 subjects who completed the study. Data for the remaining 21 subjects were obtained at a baseline preoperative visit (within 6 weeks prior to RYGB) and at 2, 3.5, and 5 years after surgery. The study was approved by the Institutional Review Board at Massachusetts General Hospital, and all subjects provided written informed consent.
Study protocol
DXA bone density and body composition
Areal bone mineral density (aBMD, g/cm 2 ) of the posterioranterior (PA) lumbar spine (L1 to L4) and proximal femur was measured by DXA (Discovery A; Hologic, Bedford, MA) at baseline and 2, 3.5, and 5 years after RYGB. When necessary, manual retraction of pannus overlying the proximal femur was performed during hip measurements. For subjects with body dimensions that extended beyond the wholebody scan area, the left arm was incompletely imaged and the measurements from the right arm replaced the left arm values. In vivo scanning precision at our institution is 0.007, 0.008, and 0.012 g/cm 2 for PA spine, total hip, and femoral neck, respectively. Body composition was measured by DXA to obtain assessments of subtotal (total body excluding head) measurements of fat mass (kg) and lean mass (kg).
Quantitative CT bone density
Volumetric bone mineral density (vBMD, mg/cm 3 ) of the lumbar spine (L1 to L2) was assessed by quantitative CT (QCT) (General Electric LightSpeed Pro CT scanner; General Electric Healthcare, Waukesha, WI) at baseline, 2 years, and 5 years after RYGB. Scans were performed with a calibration phantom (Mindways Software, Austin, TX) using helical acquisition under the following settings: kVp 120, mA 100 (L1 to L2)/mA 200 (proximal femur), slice thickness 2.5 mm, field of view 500 mm, and table height 144 mm [2-year coefficient of variation (CV) #2%] (26). Analysis of vBMD of L1 to L2 and total hip was performed with QCTPro software (Mindways Software, Austin, TX), as previously described (23) .
High-resolution peripheral QCT bone density and microarchitecture vBMD (mg/cm 3 ) and bone microarchitecture of the ultradistal radius and tibia were assessed at baseline and at 2, 3.5, and 5 years after surgery using high-resolution peripheral QCT (HR-pQCT) (XtremeCT; Scanco Medical AG, Brüttisellen, Switzerland). Cortical and trabecular geometry, density, and microarchitecture were calculated using standard analysis software (Scanco software V6.0; Scanco Medical AG, Brüttisellen, Switzerland) (22) . To characterize cortical microarchitecture in greater detail, HR-pQCT images were processed by a semiautomated cortical bone segmentation technique to allow measurement of cortical geometry, density, and porosity (27) . Failure load, a measurement of bone strength, was estimated using linear microfinite element analysis in response to simulated uniaxial compression (28) . Longitudinal HR-pQCT data were not available in nine subjects because of motion artifact (n = 3) or unavailability of HR-pQCT equipment at baseline or follow-up visits (n = 6).
Biochemical measurements
Fasting serum type I collagen C-terminal telopeptide (CTX), a measure of bone resorption, and procollagen type I Nterminal propeptide (P1NP), a measure of bone formation, were assessed at each study visit. CTX was measured using an ELISA (Serum Crosslaps; Immunodiagnostic Systems, Tyne & Wear, UK) with intra-assay and interassay CVs of 1.8% to 3.0% and 2.5% to 10.9%, respectively. P1NP was measured using a radioimmunoassay (UniQ P1NP RIA; Orion Diagnostica, Espoo, Finland) with intra-assay and interassay CVs of 5.4% to 9.6% and 5.5% to 8.9%, respectively. We also measured serum calcium, 25 
Bionutrition measurements
Height and weight were measured in triplicate using a wall-mounted stadiometer (Harpenden; Seritex) and digital scale (Tanita BWB-800; Tanita Corporation of America, Arlington Heights, IL), respectively. To measure leisure and occupational physical activity, the modifiable activity questionnaire (29) was administered by a registered dietitian. Throughout the study, subjects were counseled to maintain a calcium intake of 1200 to 1500 mg/d and vitamin D intake of 3000 IU/d through diet and supplements. Dietary calcium and vitamin D were assessed through self-reported food diaries and questionnaires administered by a registered dietitian.
Statistical analysis
Longitudinal values are reported as mean 6 SD unless otherwise noted. Mean percentage changes over time were analyzed with linear mixed models using repeated measures with random subject intercepts and fixed effect of time, as well as a compound symmetry covariance structure. Adjustment of P values for multiple comparisons was performed using the Dunnett-Hsu method, with the baseline visit as the control. In addition, we used linear contrasts to compare percent change from baseline between the 2-year and 5-year time points. Exploratory assessments of predictors and mediators of 5-year bone loss were evaluated using Spearman correlations. Effect modification by sex/menopause status was investigated using longitudinal regression analysis with interaction terms. Sensitivity analyses were performed to (1) exclude two premenopausal women who became menopausal during the course of this study and (2) examine the characteristics of the subset of study subjects who had interpretable HR-pQCT scans. All analyses were performed using SAS 9.4 software (SAS Institute, Cary, NC). Adjusted P values ,0.05 were considered significant.
Results
Clinical characteristics
The clinical characteristics of the 21 adults who received RYGB are shown in Table 1 . At the preoperative baseline visit, the cohort had a mean age of 51 6 14 years, and there was a mix of premenopausal (n = 9) and postmenopausal women (n = 8) and men (n = 4). Two women became menopausal during the course of this 5-year longitudinal study. Average preoperative weight was 121 6 17 kg with a . By 2 years after RYGB, the subjects had experienced an average weight loss of 229 6 10%, with parallel declines in lean mass and fat mass (P , 0.001 for all comparisons vs baseline). There was no further change in weight or body composition between 2 and 5 years. Total calcium intake peaked at 2 years and then returned to preoperative baseline at 3.5 and 5 years, whereas vitamin D intake was increased at 5 years. Average serum calcium and vitamin D levels remained unchanged and in the normal range throughout the 5-year study. There was no significant change in PTH in the initial 2 years, but average levels increased to the upper portion of the normal range by 3.5 and 5 years after RYGB (P = 0.023 for comparison of 2 vs 5 years). As expected, RYGB fasting glucose and insulin were significantly lower 2 years after RYGB than at baseline and remained low throughout the 5-year postoperative period. Fasting serum PYY levels at 3.5 and 5 years after RYGB were significantly higher than at baseline.
Changes in spine and total hip bone mineral density
Longitudinal changes in bone density are shown in Fig. 1 . By 5 years after RYGB, spine aBMD declined by 27.8% 6 7.6%, as assessed by DXA, and trabecular spine vBMD by 212.1% 6 12.3%, as assessed by QCT (P # 0.001 for all comparisons vs baseline). However, the rate of spine bone mineral density (BMD) decline appeared to have slowed, with the majority of bone loss having occurred within the initial 2 years. At the total hip and femoral neck, aBMD declined by 215.3% 6 6.3% and 214.1% 6 8.0%, respectively, in the 5 years after surgery (P , 0.001 for all comparisons vs baseline). Although continued femoral bone loss was detected in later years (P , 0.025 for comparisons of 2 vs 5 years), the majority of the cumulative decline at the proximal femur occurred in the first 2 years after RYGB.
Changes in radius and tibia BMD, microarchitecture, and estimated strength Peripheral vBMD and microarchitecture continued to decline at a steady rate between 2 and 5 years after RYGB ( Table 2 ). Cumulative declines in total vBMD were 218.7% 6 5.3% at the radius and 214.4% 6 4.9% at the tibia, and they were accompanied by decreases in both trabecular and cortical vBMD. In contrast to axial sites, the rates of peripheral vBMD loss in later years mirrored the accelerated bone loss observed in the initial 2 years after surgery (P , 0.005 for all comparisons of 2 vs 5 years). Cortical and trabecular microarchitecture also continued to deteriorate at the radius, with decreased cortical thickness, increased cortical porosity, decreased trabecular number, and increased trabecular separation and heterogeneity (P # 0.01 for all comparisons of 2 vs 5 years; Fig. 2 ). In contrast, there was relatively less change in cortical and trabecular microarchitecture at the tibia in later years after RYGB. Nevertheless, cumulative densitometric and microarchitectural declines contributed to a continued worsening of estimated failure load at both the radius and tibia between 2 and 5 years after RYGB (P , 0.001 for both).
Change in bone turnover markers Bone turnover markers increased dramatically after RYGB. By 2 years, serum CTX was 196% 6 143% elevated above baseline levels (Fig. 3 ) and remained 150% 6 146% above baseline at 5 years (P , 0.001 for comparisons vs baseline). Serum P1NP also increased, peaking at 63% 6 60% at 3.5 years after RYGB before declining somewhat to remain 34% 6 53% above baseline levels at 5 years (P = 0.017 for comparisons vs baseline).
Predictors and mediators of RYGB-associated skeletal changes
Baseline age and weight did not predict changes in bone density in the 5 years after RYGB. Although postmenopausal women tended to have numerically greater declines in bone density and microarchitecture than either premenopausal women or men, there were no statistically significant interactions between sex/menopause status and skeletal changes. Weight loss in the 5 years after RYGB did not correlate with axial bone loss. In contrast, 5-year decline in lean mass was associated with the decline in spine aBMD (r = 0.47, P = 0.041), and there was a similar trend for an association between change in lean mass and change in total hip aBMD (r = 0.47, P = 0.057). Increases in CTX at 5 years were correlated with declines in spine and total hip aBMD as well as spine vBMD (r = 20.50 to 20.61, P , 0.030 for all). Increases in PTH were also associated with decreases in spine vBMD (r = 20.51, P = 0.023), but there was no correlation between PTH and bone turnover marker CTX or P1NP. In addition, decreases in fasting insulin were correlated with declines in spine aBMD (r = 0.56, P = 0.008; Fig. 4 ). We did not find evidence of associations between changes in DXA, QCT, or HRpQCT BMD or microarchitecture with increases in fasting PYY.
Sensitivity analyses
Sensitivity analyses were performed after excluding the two women who transitioned to menopause during the course of the study. Changes in aBMD, vBMD, bone microarchitecture, and bone turnover markers were not significantly changed after exclusion of these study subjects. In addition, examination of the subset of subjects who contributed HR-pQCT data demonstrated that they were similar to the overall cohort in their baseline characteristics and patterns of 5-year decline in weight and bone density as assessed by DXA and QCT (data not shown).
Discussion
This prospective study provides the longest longitudinal assessment of changes in areal and volumetric bone density and microarchitecture after RYGB. We documented sustained high-turnover bone loss and bone microarchitectural deterioration in the first 5 years after RYGB. Axial bone loss was greatest in the first 2 years after surgery and then continued at a slower rate up to 5 years, with overall declines in BMD of 7% to 12% at the spine and 14% to 15% at the hip. In contrast, peripheral bone loss and deterioration in bone microarchitecture continued steadily throughout the 5 years following RYGB, leading to a 15% to 20% decrease in the estimated bone strength at the radius and tibia. Bone resorption remained elevated 5 years after surgery, with average serum CTX levels plateauing at 150% above baseline levels. The cumulative magnitude of long-term bone loss after RYGB is large. Only a few prospective studies have evaluated areal bone density or bone markers for .2 years after RYGB. Vilarrasa et al. (21) reported declines of ;6% and 13% in spine and total hip aBMD in the 3 years after RYGB, with concurrent increases in PTH. These findings are consistent in magnitude with our DXA-based measurements of axial bone loss at 3.5 years and are further corroborated by our QCT-based measurements of vBMD. Our confirmation of RYGB-induced bone loss by QCT is important given potential concerns about the accuracy of DXA-based bone density measurements in the setting of substantial weight loss (30) . In addition, the persistent elevation in CTX in our subjects is similar in magnitude to a study by Crawford et al. (31) , which noted a 137% increase in serum CTX 5 years after RYGB in subjects with type 2 diabetes. Our 5-year bone density results, however, were more modest than observed in a study by Raoof et al. (32) that documented dramatic declines of 19% and 25% in spine and femoral neck aBMD by 5 years after surgery. The latter study did not administer calcium and vitamin D, and most of the subjects developed secondary hyperparathyroidism, which may have magnified the negative skeletal effects of RYGB. In our subjects, all of whom received calcium and vitamin D supplementation, PTH levels only increased modestly at 3.5 and 5 years, although mean PTH levels remained within the normal range.
Decreases in peripheral vBMD, cortical thickness, and failure load, as well as increases in cortical porosity in the first 2 years after RYGB, have been reported in several studies (18) (19) (20) 22) , but no information is available regarding microarchitectural changes beyond 2 years. Our data demonstrate that whereas declines in BMD in the axial skeleton slowed considerably 2 years after RYGB, deterioration of the peripheral skeleton was largely unabated throughout the 5-year study period. The mechanism(s) responsible for the long-term differences in the patterns of bone loss after RYGB in the axial and peripheral skeleton is unknown. It is possible that late increases in PTH may preferentially aggravate peripheral bone loss, although we did not find significant associations between 5-year changes in PTH and peripheral vBMD or CTX in our exploratory analyses. Although peripheral sites may be less susceptible to imaging artifact from weight loss than axial sites (30) , weight is stable after the first postoperative year, and therefore it is unlikely that artifact can explain discordant bone loss in later years. In addition to densitometric declines, we also found that RYGB affects both the trabecular and cortical microarchitecture at the non-weight-bearing radius. The tibia, however, was less affected by microarchitectural changes, which we hypothesize may be due to mitigation from weight-bearing and exercise. Nevertheless, cumulative declines in cortical and trabecular bone led to significant deficits in estimated bone strength via microfinite element modeling at both the radius and tibia. These 5-year findings greatly extend prior work showing short-term deleterious changes in peripheral vBMD and bone microarchitecture after RYGB. The underlying mechanisms of RYGB-induced bone loss remain unclear but are likely multifactorial. Although we did not find a correlation between bone loss and weight loss, our exploratory analyses did suggest an association between lean mass loss and declines in spine and possibly hip bone density. We had not observed this association in our earlier studies of shorter duration (22, 30) , but a similar connection has been reported in other studies (9, 12, (19) (20) (21) 33) . Furthermore, published studies have demonstrated that strategies to promote maintenance of lean mass during weight loss can partially mitigate bone loss at the spine and hip after RYGB (34, 35) or nonsurgical weight loss (36) , lending further credence to the idea that direct effects of skeletal muscle on static and dynamic loading may have beneficial effects on bone. We also found a modest correlation between improvement in insulin levels and decline in spine bone density, which is consistent with a prior study that found that improvements in hemoglobin A1c were correlated with increases in CTX after RYGB (37) . Insulin signaling within the osteoblast promotes osteoblast differentiation (38) , and hyperinsulinism is associated with higher bone mass, independent of BMI (39, 40) . However, insulin is not known to have direct osteoclastic effects, and therefore it is unclear whether lowering insulin after RYGB is directly responsible for the observed highturnover bone loss or whether the same factors that mediate metabolic improvements after RYGB may also be implicated in skeletal pathways of bone loss.
Other factors have been postulated to contribute to bone loss after RYGB. A recently published study found that postmenopausal women had greater rates of bone loss at 1 year compared with younger women or with men (18) . In our smaller study, there was a suggestion that postmenopausal women had numerically greater declines in bone density and bone microarchitecture, but we were not powered to detect statistical differences by menopause status. As noted earlier, we detected minor increases in PTH in later years after RYGB that were negatively associated with bone loss at the trabecular spine and coincided with waning adherence with calcium supplements despite one-on-one nutritional counseling. In light of prior studies documenting decreased calcium absorption after RYGB (41, 42) , it is possible that PTH elevations contribute to bone loss in later years. As expected, we found increases in fasting PYY after RYGB, a neurohormonal gut peptide that is thought to have direct catabolic effects on bone (43) . In contrast to our prior work, which noted associations between fasting PYY and CTX after RYGB (37), we did not find any correlations between fasting PYY and bone density, bone markers, or bone microarchitecture in the current study. Future studies using either animal models or larger clinical cohorts will be required to more precisely determine the various pathways that underlie skeletal deterioration after RYGB.
Persistent long-term declines in bone density have important implications in the clinical care of RYGB patients. Multiple studies have shown that fracture risk increases after bariatric surgery (6, 44) and more specifically after RYGB (5, 7, 45) . Importantly, this increased risk appears to be delayed, with fracture risk becoming more apparent several years after surgery (7, 46) . Our study raises the possibility that this long-term risk is mediated by the cumulative effects of persistent high-turnover bone loss and highlights the importance of current bariatric guidelines that recommend selected preoperative and all postoperative RYGB patients undergo bone density screening (47) . It is conceivable that treatment to prevent RYGB-induced accelerated bone turnover could mitigate this increased fracture risk, but bariatric surgery patients may be at increased risk for hypocalcemia with potent antiresorptive medications, and therefore additional studies are required to determine whether these medications are safe and effective to minimize RYGB-induced bone loss. Furthermore, encouragement of exercise to maintain lean mass and adherence to calcium and vitamin D supplementation must be emphasized as lifelong requirements after RYGB.
This study has certain limitations. We were unable to retain a nonsurgical control group for this lengthy study. Although our sample size was relatively small, this study is nevertheless the first, to our knowledge, to provide comprehensive skeletal characterization and long-term follow-up of RYGB patients over 5 years. Unfortunately, we were only able to obtain HR-pQCT measurements on a subset of the subjects, but this subset appeared to be representative of the whole cohort. Although we did examine potential mediators of bone loss, these associations should be viewed as preliminary in light of our small sample size and the borderline significance of some of these findings. Ultimately, the mechanism of RYGBinduced bone loss needs to be further elucidated in future studies that also examine other pathways within the entero-osseus axis.
In summary, we found that areal and volumetric bone density and skeletal microarchitecture continue to deteriorate through 5 years after RYGB surgery, leading to substantial cumulative bone loss. Adults undergoing RYGB surgery warrant close follow-up to detect changes in bone density as well as to prevent secondary hyperparathyroidism and promote physical activity. Further studies are needed to determine the mechanisms of bone loss, as well as to investigate therapeutic strategies to preserve skeletal health in patients receiving RYGB.
